Background: CdGAP is a Rac1/Cdc42 GTPase-activating protein (GAP) involved in the regulation of cell proliferation, migration, and invasion. Results: A polybasic region (PBR) preceding the GAP domain binds to phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3).
possibility that CdGAP may act as a positive regulator of breast cancer (21) . Furthermore, gain-of-function mutation in the human CdGAP/ARHGAP31 gene has recently been linked to a recognized developmental disorder, the Adams-Oliver syndrome (20) .
RhoGAP proteins are regulated into cells by diverse molecular mechanisms, including protein-protein or lipid interactions, post-translational modifications, and proteolytic degradation (4, 5) . Previous studies have unraveled at least two mechanisms of regulation of CdGAP activity. CdGAP is a substrate of ERK1/2 and GSK-3 protein kinases and phosphorylation of Thr-776 in the PRD negatively regulates its activity (8, 22) . Furthermore, the association of CdGAP through a novel basic-rich motif with the SH3D domain of the endocytic scaffolding protein intersectin leads to inhibition of CdGAP activity (16, 18) . To mediate their cellular effects, Rac1 and Cdc42 GTPases are post-translationally modified by the addition of a prenyl group to a conserved C-terminal cysteine residue (3) . This modification serves to anchor the GTPases into membranes and is necessary for their activity (23) (24) (25) . Accordingly, regulators of Rho GTPases need to be targeted to the membrane to exert their functions. This can be achieved either through protein-protein or lipid-protein interactions (26) . Here, we found a small polybasic region (PBR) preceding the RhoGAP domain of CdGAP that mediates specific binding to phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ). In vitro reconstitution of membrane vesicles loaded with prenylated Rac1 shows that the PBR is required for full activation of CdGAP in the presence of PI(3,4,5)P 3 . In addition, the PBR is essential for CdGAP to regulate Rac1 in vivo and to mediate its GAP-dependent cellular effects.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Antibodies used in these experiments were as followed: rabbit anti-GST (Santa Cruz Biotechnology), rabbit anti-GFP (A6455, Molecular Probes, Burlington, ON), horseradish peroxidase (HRP)-labeled anti-rabbit IgG antibody (GE Healthcare, Piscataway, NJ), anti-Rac1 antibody (Temecula, CA), PDGF-BB (CalBiochem), and LY294002 (CalBiochem).
DNA Cloning-The plasmid pGEX2T-Rac1 was described previously (27) . The plasmids pGEX-4T2-CdGAP(1-221), pGEX-4T2-CdGAP(17-221), pGEX-4T2-CdGAP(1-221)KQ, and pEGFPC1-related plasmids were constructed using standard cloning procedures (cloning details can be obtained upon request). The pGEX-BMX-PH construct was kindly provided by Dr. Jean-François Côté, Institut de Recherches Cliniques de Montréal, Montreal, Quebec (28) . The R56AN169V double mutant construct was generated by taking advantage of the NheI restriction sites located 5Ј to the EGFP gene in pEGFPC1-mCdGAP(1-820)R56A/N169V (19) (kindly provided by Dr. Chris Turner, SUNY, Syracuse, NY) and at 1814 bp in the coding sequence of M.m.CdGAP. The NheI fragment containing the R56AN169V amino acid substitutions was ligated with pEGFPC1-CdGAP(219 -1425) digested with NheI to generate pEGFP-C1-CdGAP(1-1425)R56A/N169V. All plasmids were verified by sequencing.
Cell Culture and Transfection-COS-7 and HEK293 cells were cultured in Dulbecco's modified Eagle medium (DMEM, WISENT, Mississauga, ON) supplemented with 10% Fetal Bovine Serum (FBS, WISENT), 100 g/ml streptomycin sulfate, and 100 units/ml penicillin G sodium salt (Invitrogen) in a 5% CO 2 humidified environment at 37°C. COS-7 cells were transfected with linear polyethylenimine MW 25,000 (PEI, Polysciences, Pennsylvania) using a 1:5 ratio (DNA:PEI). Media was replaced 3 h after transfection.
Purification of Recombinant Proteins from Escherichia coli-GST-Rac1 was produced and purified on glutathione-agarose beads as described previously (18) . Active protein concentrations were determined by the filter binding assay using [ 3 H]GTP as previously described (7) . Production of GSTCdGAP proteins was achieved following the same protocol, except that proteins were induced with 0.4 mM isopropylthiogalactopyranoside (IPTG) for 16 h at 20°C. Bacteria pellets were resuspended and incubated for 30 min at 4°C in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol (DTT) supplemented with 0.2 mg/ml lysozyme, 20 g/ml DNase, 1 mM MgCl 2 , 1 mM PMSF, and Complete™ protease inhibitors (Roche) before sonication. Protein lysates obtained after centrifugation were incubated with glutathione-agarose beads (Sigma) for 2 h at 4°C. The beads were washed five times in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and proteins were eluted with 20 mM glutathione in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT. Proteins were concentrated in 10 mM Tris-HCl pH 7.5, 2 mM MgCl 2 , 1 mM DTT with a Amicon Ultra-4 30K Centricon column concentrator (Sigma). Protein samples were aliquoted, snap-freezed in liquid nitrogen, and stored at Ϫ80°C. Purity and concentration of the protein preparations were determined by Coomassie Blue-stained SDS-PAGE.
Lipid Overlay Assay-Membrane Lipid Strips™ (EchelonBiosciences, Salt-Lake City, Utah) overlay assays were performed according to the manufacturer's recommendations. Briefly, membrane was blocked 1 h at room temperature with 3% fatty-acid free bovine serum albumin (BSA, Sigma) dissolved in TBS (10 mM Tris-HCl, 150 mM NaCl, pH 8.0) followed by incubation with GST-CdGAP(1-221) or GST-CdGAP(17-221) (10 nM) in TBS supplemented with 3% BSA at room temperature for 1 h. Membrane was washed three times for 10 min in TBS containing 0.1% Tween-20 before incubation with anti-GST (1:1000) and (HRP)-labeled anti-rabbit IgG (1:10000) antibodies. HRP activity was detected by Western Lightning Plus-ECL detection kit (Perkin Elmer).
Multilamellar Vesicles (MLVs) Preparation-Phosphatidylcholine (PC) and phosphatidylinositol-related lipids were all purchased from Avanti Polar Lipids (Alabaster, Alabama). PC and PI were bought as chloroform solubilized forms whereas PI(3)P, PI(4)P, PI(5)P, PI(4,5)P 2 , PI(3,4,5)P 3 were obtained as ammonium salts and were dissolved at 1 mM in chloroform: methanol:water (80:18:2). Required amounts of lipids were mixed and dried under an argon stream. To generate MLVs, lipids were rehydrated in 20 mM Tris-HCl, pH 7.5, 25 mM NaCl and 4 mM EDTA for 1 h on ice, followed by vigorous vortexing to a final lipid concentration of 1 mM. MLVs were stored at 4°C and used within 24 h.
Multilamellar Vesicle Flotation
Assay-GST-tagged proteins used in the MLV flotation assay were first centrifuged at 436,000 ϫ g for 15 min in an Optima™ TLX ultracentrifuge using a TLA-100 rotor (Beckman Coulter) to remove protein aggregates. A volume of 100 l of the MLV solution (1 mM) was incubated with 25 l of GST-tagged proteins (10 M to 20 M) and 25 l of buffer (20 mM HEPES pH 7.2, 100 mM NaCl and 5 mM EDTA) for 30 min at 25°C. A volume of 100 l of 75% sucrose was added to the mix in order to bring sucrose concentration to 30%. This suspension was moved to a thickwall centrifugation tube and overlaid by 200 l of 25% sucrose in buffer followed by 50 l of sucrose-free buffer. Samples were centrifuged at 259,000 ϫ g for 1 h with a TLS-55 rotor swingingbucket rotor (Beckman Coulter). The bottom (250 l) and top (100 l) fractions were collected and 20% of each fraction analyzed by Western blotting. Densitometry was measured using Autoquant (Bio-Rad), and the bound/unbound ratio was compared with the reference value obtained for phosphatidylcholine MLVs.
Rac1 in Vitro Prenylation-E. coli-purified Rac1 is unprenylated and cannot bind to MLVs. Therefore, E. coli-purified Rac1 (1 g) was prenylated in vitro in 50 mM HEPES pH 7.2, 150 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 3 mM Nonidet P-40, supplemented with 2 mM geranylgeranyl pyrophosphate ammonium salt (Sigma-Aldrich), and 2 g/l recombinant rat Geranylgeranyltransferase I (Merck Biosciences, Darmstadt, Germany) in a volume of 25 l following a 16-h incubation at 4°C. Rac1-geranylgeranyl (Rac1 GG ) proteins were then purified as MLV-bound components. The reaction mix was divided in two fractions, and each was incubated with 20 g of PC-based or PC:PI(3,4,5)P 3 (9:1) MLVs in a buffer constituted of Tris-HCl pH 7.5, 25 mM NaCl and 4 mM EDTA in a final volume of 150 l for 30 min at room temperature. MLVs were then purified as described above and resuspended in a final volume of 50 l. Western blot analysis confirmed that ϳ50% of Rac1 was co-purified with MLVs (data not shown).
In Vitro GAP Assay-For the in vitro GAP assays with GSTtagged CdGAP proteins (7), Rac1 (1 g) was loaded with 10 Ci of [␥-32 P]GTP (Perkin Elmer) in binding buffer (20 mM TrisHCl, pH 7.5, 25 mM NaCl, 4 mM EDTA, 0.1 mM DTT) to a final volume of 20 l at 30°C for 10 min. Rac1 GG bound to PC or PC:PI(3,4,5)P 3 (9:1) MLVs (0.5 g) was similarly loaded in a volume of 48 l. The reactions were stopped by the addition of 20 mM MgCl 2 and put on ice. [␥-
32 P]GTP-loaded Rac1 or Rac1 GG (4.5 l) (to give a final concentration of 0.5 M) was added to 10.5 l of the incubation buffer (20 mM Tris-HCl, pH 7.5, 0.1 mM DTT) supplemented with 1 mM GTP and 0.9 mg/ml BSA with or without GST-CdGAP(1-221), GST-CdGAP(17-221), or GST-CdGAP(1-221)KQ and incubated at 20°C for 10 min. Fractions of 5 l of the reaction mix were taken at 0 and 10 min and added to 1 ml of ice-cold wash buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 ) before being filtered through pre-humidified nitrocellulose membranes (Millipore) to remove unbound GTP. Filters were rinsed with 6 ml of wash buffer and the amount of radioactivity was measured by scintillation counting. For in vitro GAP assays using GFP-tagged proteins, COS-7 cells were transiently transfected with pEGFPC1-CdGAP plasmids for 16 h before being lysed in lysis buffer (25 mM HEPES pH 7.5, 1% Nonidet P-40, 100 mM NaCl, 10 mM MgCl 2 , 5% glycerol, 5 mM Na 3 VO 4 , 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), and Complete™ protease inhibitors). Supernatant was cleared by centrifugation (14,000 ϫ g, 5 min), and incubated with 20 l bead volume of protein-A-Sepharose (GE HealthCare) and 2 l of anti-GFP antibodies for 2 h at 4°C. Beads were then washed three times in lysis buffer followed by three washes in incubation buffer and were resuspended in a total volume of 100 l of incubation buffer. Immmunoprecipitated GFP-tagged proteins were quantified using a Victor X3 2030 Multilabel Reader spectrofluorometer (PerkinElmer) with excitation and emission wavelength respectively of 485 nm and 535 nm. Approximately 0.1-0.5 g of immunoprecipitated GFP-tagged proteins were used in each experiment. GAP assays were performed as described above.
Immunofluorescence Microscopy-For cell rounding experiments, COS-7 cells grown on glass coverslips were transfected with pEGFPC1-CdGAP expression vectors. After 40 h, cells were washed with PBS and fixed in 3.7% paraformaldehyde for 10 min and quenched in 0.1 M glycine for 5 min. Cells were permeabilized with 0.25% Triton X-100 for 5 min, washed and blocked with 0.2% BSA for 30 min followed by incubation with phalloidin-tetramethylrhodamine isothiocyanate (TRITC) (Sigma) for 15 min in blocking solution. Coverslips were mounted on glass slides using Prolong anti-fade mounting media (Invitrogen). For cell spreading experiments, COS-7 cells were transfected with plasmids for 16 h, trypsinized, and plated on glass coverslips pre-coated with fibronectin (Roche) in serum-free medium. After 1 h at 37°C, cells were stimulated with 10 ng/ml PDGF for 15 and 60 min before fixation. For CdGAP membrane recruitment, serum-starved transfected COS-7 cells were treated with either DMSO or 50 M LY294002 for 30 min before stimulation with 10 ng/ml PDGF. Cells were examined with an Olympus IX81 motorized inverted Live Cell Time-lapse Imaging-Serum-starved transfected COS-7 cells were grown on glass bottom microwell dishes (MatTek) and treated with either DMSO or 50 M LY294002 for 30 min before stimulation with 10 ng/ml PDGF. Cells were maintained in 5% CO 2 and 37°C environmental control system. Transfected cells were imaged every 20 s over periods of 10 -20 min after PDGF stimulation. Z-stacks and time-lapse confocal series (4D) were captured by Zeiss LSM780 confocal microscope (Carl Zeiss, Inc) using a 63ϫ/1.40 oil Plan-Apochromat. GFP was excited with 488 nm argon laser and detected with GaSaP detector. 4D Movie files were created using Image J software (NIH, Bethesda, MD).
CRIB Pull-down Assay-The CRIB domain of mouse PAK3 (amino acids 73-146) fused to glutathione S-transferase (GST-CRIB) was used to isolate GTP-bound Rac1 and was purified as previously described (29) . HEK293 cells transfected with pEGFP-CdGAP expression vectors were lysed in buffer B (25 mM Hepes pH 7.5, 1% Nonidet P-40, 10 mM MgCl 2 , 100 mM NaCl, 5% glycerol, 5 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 50 mM sodium fluoride, 10 g/ml aprotinin, and 10 g/ml leupeptin). Equal amounts of proteins were incubated with glutathione-Sepharose beads coupled to 20 g of GST-CRIB for 45 min at 4°C. The beads were then washed twice with washing buffer (25 mM Hepes pH 7.5, 40 mM NaCl, 30 mM MgCl 2 , 0.5% Nonidet P-40, and 1 mM DTT) before being boiled in SDS sample buffer. The proteins were separated on a 12% SDS-PAGE, transferred to nitrocellulose and GTPbound GTPases were visualized by immunoblotting usingantiRac1 antibody and ECL reagent detection kit (Perkin Elmer). The levels of GTP-bound proteins were assessed by densitometry and normalized to the total amount of GTPases detected in the total cell lysates.
Statistical Analysis-Statistical significance value (p values) was obtained by performing a two-sample unequal-variance Student's t test. Data are representative of at least three independent experiments.
RESULTS

A Polybasic Region (PBR) Preceding the RhoGAP domain Is
Conserved within CdGAP Homologues-Protein sequence analysis of CdGAP vertebrate orthologues revealed 95% amino acid sequence identity for a cluster of 20 amino acids located at the N terminus of the GAP domain, which has a net charge of ϩ7 (Fig. 1A) . A similar region enriched in positively charged amino acids is also present in Drosophila melanogaster CdGAP (Fig. 1A) and in the closest homologues of CdGAP, namely ARHGAP30, GRIT, and NOMA-GAP (Fig. 1B) . Binding of phospholipids to short basic sequences has been reported for a number of proteins, including the RhoGAP protein DLC1 (30) . The high conservation of basic residues in CdGAP homologues strongly suggests that this PBR may serve a similar function for CdGAP.
CdGAP Interacts with Negatively Charged PhospholipidsTo determine whether the PBR is able to bind negatively charged phospholipids, a lipid overlay assay was performed using purified GST fusion proteins of CdGAP encoding the N-terminal GAP domain (amino acids 1-221) or the GAP domain lacking the PBR (amino acids 17-221) (Fig. 1C) . CdGAP(1-221) was found to strongly interact with phosphatidylinositol 4-phosphate (PI(4)P), phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 , phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ), and cardiolipins. It also bound to a lower extent to phosphatidic acid (PA) (Fig. 1D) . Interestingly, CdGAP(17-221) lacking the PBR was unable to bind to the phospholipids (Fig. 1D) . Therefore, the PBR preceding the RhoGAP domain is necessary to mediate in vitro binding to negatively charged phospholipids.
CdGAP Interacts Specifically with PI(3,4,5)P 3 Incorporated into Membranes-To investigate whether CdGAP interacts
with specific phospholipids incorporated into membranes, we generated multilamellar vesicles (MLVs) using phosphatidylcholine (PC) with or without 10mol% of PI, PI(3)P, PI(4)P, PI(5)P, PI(4,5)P 2 , or PI(3,4,5)P 3 . In a MLV flotation assay, MLVs were incubated with GST-CdGAP(1-221) and MLVbound proteins were separated from the unbound proteins by sucrose gradient centrifugation and quantified by Western blotting analysis (Fig. 2, A and B) . We found a 9.5-fold increase association between CdGAP(1-221) and PI(3,4,5)P 3 -containing MLVs compared with the control PC alone (Fig. 2B) whereas the binding of CdGAP(1-221) to other phospholipids was negligible (Fig. 2, A and B) . Furthermore, we found that binding of CdGAP(1-221) to PI(3,4,5)P 3 was comparable to PI(3,4,5)P 3 -binding pleckstrin homology (PH) domain of BMX/Etk tyrosine kinase (28, 31) (Fig. 2C) . These results show that CdGAP binds specifically to PI(3,4,5)P 3 -containing MLVs. To determine whether an intact PBR is required for its association with PI(3,4,5)P 3 , MLVs were incubated with GST-tagged CdGAP(1-221), CdGAP(17-221), or CdGAP(1-221)KQ, in which the seven positively charged residues have been substituted by glutamines. We observed that the removal of the PBR or the selective replacement of the basic residues by glutamines abolished the ability of CdGAP to associate with PI(3,4,5)P 3 -containing MLVs (Fig. 3, A and B) . Together, these results show that an intact PBR is necessary to mediate the interaction of CdGAP with PI(3,4,5)P 3 -containing MLVs.
The GAP Activity of CdGAP Is Increased in the Presence of PI(3,4,5)P 3 -containing MLVs-To examine the role of the PBR on CdGAP activity, we first determine the in vitro GAP activity of GST-CdGAP(1-221) and CdGAP protein mutants toward Rac1 in the absence of membranes. GTP-loaded Rac1 was incubated with equal amounts of GST-CdGAP(1-221), CdGAP(17-221), or (1-221)KQ, and as shown in Fig. 4A , the in vitro GAP activity was similar for all three proteins, demonstrating that the PBR does not influence the GAP activity in the absence of lipid binding. To be active, Rho GTPases are prenylated, which targets them to the membranes. Therefore, the in vivo stimulation of the intrinsic GTPase activity by GAPs should occur at the membranes. To assess the importance of PI(3,4,5)P 3 interaction on CdGAP activity in the context of a membrane environment, we performed an in vitro GAP assay with geranylgeranylated Rac1 (Rac1 GG ) in the presence or absence of PI(3,4,5)P 3 -containing MLVs. Interestingly, we observed a 2.3-fold increase of CdGAP(1-221) activity in the presence of PI(3,4,5)P 3 -containing MLVs compared with PC alone-containing MLVs (Fig. 4B) . The activity of the protein mutants CdGAP(17-221) or (1-221)KQ was similar to CdGAP(1-221) activity in the control PC-containing MLVs, however, in contrast to CdGAP(1-221), their activities were not affected by the presence of PI(3,4,5)P 3 (Fig. 4B) . Altogether, these results show that PI(3,4,5)P 3 binding regulates CdGAP activity in vitro toward Rac1 in the specific context of membrane environment.
The PBR Is Required for CdGAP-mediated Cellular Effects-
To study the role of the PBR in CdGAP cellular functions, we generated GFP-tagged CdGAP wild-type or mutant proteins. We have previously shown that overexpression of CdGAP in different cell types induces cell rounding in a GAP-dependent manner (6, 19) . Thus, GFP-tagged CdGAP protein mutants were expressed in COS-7 cells and the percentage of transfected cells showing a rounded phenotype was determined (Fig.  5, A and B) . Overexpression of CdGAP(1-1425) induced a cell rounding phenotype in 55% of transfected cells compared with 25% of control GFP-transfected cells (Fig. 5, A and B) . As expected, CdGAP(219 -1425) lacking the PBR and GAP domain or GAP-deficient CdGAP(R56AN169V) (19) were unable to induce cell rounding. Similarly, CdGAP(17-1425) lacking the PBR or CdGAP(1-1425)KQ were less efficient to induce cell rounding compared with CdGAP (1-1425) . Therefore, the PBR is required for CdGAP to induce cell rounding. We next examined the translocation of CdGAP to plasma membrane in response to phosphatidylinositol 3-kinase (PI-3 kinase) activation. Since the expression of wild-type CdGAP inhibits PDGF-induced lamellipodia (7) and induces cell rounding in the majority of the cells (6, 19, 20) , it was not possible to assess membrane translocation of the wild-type protein. Therefore, we examined membrane recruitment of the GAPdeficient CdGAP(R56AN169V) protein in PDGF-treated cells by time-lapse live imaging. CdGAP(R56AN169V) was translocated to the plasma membrane and membrane ruffles in COS-7 cells treated with PDGF to activate PI 3-kinase (Fig. 6, A and C; supplemental Movie S1). This membrane recruitment was blocked in the presence of the PI-3 kinase inhibitor LY294002 (Fig. 6, B and C) . CdGAP(17-1425) lacking the PBR was not able to translocate to plasma membrane in cells treated with PDGF (Fig. 6, A and C; supplemental Movie S2). Together, these data show that the PBR is required for CdGAP to localize to the plasma membrane in response to PI-3 kinase activation.
CdGAP-expressing cells have previously been shown to spread on extracellular matrix at a lower rate than control cells (19) . Furthermore, the GAP activity of CdGAP is regulated in an adhesion-dependent manner (19) . Thus, we assessed the role of CdGAP protein mutants in cell spreading experiments by quantifying the ability of CdGAP-expressing cells to adhere and spread on fibronectin in response to PDGF stimulation that activate PI-3 kinase. CdGAP(1-1425)-expressing cells treated with PDGF were able to attach to the matrix but were inefficient at spreading compared with the GFP-expressing control cells (Fig. 7, A and B) . CdGAP(219 -1425) lacking the PBR and GAP domain was able to induce cell spreading on fibronectin, with a 2.5-fold increase in cell area compared with CdGAP(1-1425)-expressing cells after 60 min of PDGF stimulation (Fig. 7, A and  B) . GAP-deficient CdGAP(R56AN169V) or the PBR-defective mutant proteins were more efficient than CdGAP(1-1425) to induce cell spreading, with a 2-2.7-fold increase in cell area after a 60-min PDGF stimulation (Fig. 7, A and B) . To assess whether these effects were directly linked to the intrinsic GTPase-stimulating activity of these proteins or could be mediated by the proper localization of CdGAP proteins to membranes, GFP-tagged CdGAP proteins expressed in COS-7 cells were immunoprecipitated, and equal amounts of CdGAP proteins were used in an in vitro GAP assay using recombinant Rac1 as a substrate (Fig. 7C) . CdGAP(1-1425) and the PBRdefective CdGAP protein mutants showed a strong in vitro GAP activity toward Rac1. These results correlate well with the in vitro GAP assays using CdGAP(17-221) or (1-221)KQ toward Rac1 in the absence of membranes (Fig. 4A) . However, when we examined the in vivo GAP activity of PBR-deficient CdGAP proteins toward endogenous Rac1 in HEK293 cells, we found a significant decrease in Rac1-bound GTP levels in the presence of CdGAP(1-1425) expression but not with the PBRdeficient CdGAP proteins (Fig. 8) . Taken together, these data demonstrate that the PBR is not required for the intrinsic GTPase-stimulating activity of CdGAP, but is necessary for the membrane recruitment of CdGAP to mediate its GAP-dependent cellular effects.
DISCUSSION
In this study, we demonstrate that a polybasic region preceding the GAP domain at the N terminus of CdGAP is required to mediate specific binding to the negatively charged phospholipids PI(3,4,5)P 3 . This lipid interaction is essential for the in vivo GAP activity and the cellular functions of CdGAP. The fact that Rho GTPases are anchored into membranes to exert their cellular functions suggests the need for effector and regulatory proteins to be also targeted at membranes, in close proximity to their specific targets. Indeed, many effector proteins, including WASP, PAKs, and Cdc42-effector proteins (CEP) comprise a region enriched in basic residues preceding their Cdc42/ Rac-interactive domain (CRIB) and involved in lipid binding (32, 33) . Each RhoGEF of the Dbl family of proteins includes aPHdomain,whichassociateswithlowaffinitytophosphatidylinositol groups (34) . Some RhoGAP proteins also contain putative lipid-binding domains such as PH, C1, C2, Sec14, PX, and BAR domains although lipid interaction remains to be demonstrated for most of these proteins (5) . The PH domains of the BMX/Etk (28, 31) and AKT protein kinases (35, 36) interact with high affinity with PI(3,4,5)P 3 and indeed, we also found comparable interactions between Two previous studies on p190RhoGAP and DLC1 have reported lipid interaction through a PBR, which appeared to be essential for their GAP activity and cellular functions (30, 37, 38) . In each of them, the PBR is preceding the GAP domain, at a site that fits with a model in which the GAP domain could simultaneously bind a GTPase and associate with the membrane through the PBR (39) . The specificity and activity of p190RhoGAP have previously been shown to be modulated in vitro by the presence of phosphatidylserine (PS), PI, and PI(4,5)P 2 (38) . Although the PBR in p190RhoGAP was shown to be required for p190RhoGAP association with PS only, there is a possibility that it could also serve as a PI and/or PI(4,5)P 2 -binding site (37) . In the case of DLC1, lipid interaction with the PBR was addressed in an experiment using immobilized lipids and demonstrated a strong preference for PI(4,5)P 2 (30) . For CdGAP, a similar experiment using a lipid overlay assay showed a strong association of the PBR with PI(4)P, PI(4,5)P 2 , PI(3,4,5)P 3 , and cardiolipins. However, when these lipids were inserted into vesicular membranes, only PI(3,4,5)P 3 specifically bound to CdGAP. To our knowledge, this is the first example of a RhoGAP binding specifically to PI(3,4,5)P 3 through a polybasic amino acid cluster.
The relative lipid binding specificity of the PBR from CdGAP, DLC1, and p190RhoGAP proteins cannot be strictly explained by electrostatic forces between the positively charged PBR and association with the negatively charged head group of the lipid. The fact that PI(3,4,5)P 3 , with a net charge of Ϫ3, is not binding to DLC1 with more affinity than PI(4,5)P 2 and that CdGAP does not show more affinity toward PI(4,5)P 2 than it does for PI(3)P, PI(4)P, or PI(5)P suggest that the PBRs adopt a three-dimensional structure required for lipid binding specificity. The conserved hydrophobic residues in the PBR have been proposed to induce the formation of an amphipathic ␣-helix upon membrane association, as in ARF small GTPases and ARFGAPs (40, 41) . The relative conservation of leucine and phenylalanine residues at positions 10 and 19 in CdGAP suggests that these residues could behave in a similar way, forcing the positioning of positively charged side chains within the PBR after their insertion into a membrane. Alternatively, the nearby globular GAP domain could stabilize the PBR in a conformation allowing particular positioning of its positively charged side chains.
To date, most of the GAP assays were performed in an in vitro context that did not take into account the membrane environment. Although their composition does not completely reflect the in vivo nature of cellular membranes, PC-constituted MLVs used with prenylated Rho GTPases represent a good alternative to study the effect of different lipids on the activity of GTPases in the presence of their regulators. Similar to DLC1 activity regulated by PIP(4,5)P 2 , the GAP activity of CdGAP was activated in the presence of PIP(3,4,5)P 3 on MLVs. Furthermore, the PBR binding to PI(3,4,5)P 3 is required for CdGAP to be translocated at the plasma membrane in a PI-3 kinase-dependent manner and to mediate its GAP-dependent cellular functions. Cells expressing CdGAP mutant proteins lacking the PBR or containing a PBR with lysine-to-glutamine substitutions produced a reduced number of rounded cells, which correlates well with the altered in vivo GAP activity of the protein mutants. In addition, the expression of CdGAP or CdGAP(1-1425)KQ mutant proteins increased the ability of COS-7 cells to spread on fibronectin similar to the GAP-inactivated mutant protein. Taken together, these results show the importance of an intact PBR for CdGAP cellular functions. Considering that the intrinsic GTPase-stimulating activity of CdGAP is not altered by the removal of the PBR or the substitution of basic residues to glutamine, we suggest that binding to PI(3,4,5)P 3 is responsible to recruit CdGAP to the membranes where it can interact with GTPases and exert its regulatory function.
The specificity of CdGAP for PI(3,4,5)P 3 suggests that its GAP activity may be restricted at sites of PI(3,4,5)P 3 production. Cellular abundance of PI(3,4,5)P 3 is estimated to be under 0.15% of all PI products whereas PI(4)P and PI(4,5)P 2 together represent around 5% of these lipids (33) . The low concentration of PI(3,4,5)P 3 suggests that it may be the clutch controlling CdGAP activity at specific cellular localization. CdGAP has been shown to bind to actopaxin, which promotes its localization to focal adhesion complexes and its activation following integrin engagement (19) . Considering that integrins activate PI3K to produce PI(3,4,5)P 3 , it is tempting to propose that integrin activation of CdGAP could be partly mediated by local production of PI(3,4,5)P 3 .
Analysis of the amino acid sequences preceding the GAP domain of mammalian RhoGAPs suggests a high prevalence of PBRs in RhoGAPs. Alternatively, RhoGAP proteins lacking a PBR are found to contain known lipid binding motifs such as PH, C1, C2, or sec14 domains, preceding the GAP domain (5) . This suggests the interesting possibility that, similar to CdGAP, DLC1, and p190RhoGAP, PBRs may serve a similar function in these RhoGAP proteins. Therefore, the observation that a PBR preceding the GAP domain is found in several RhoGAP proteins suggests that a PBR-GAP domain may be seen as an evolutionary conserved mechanism of regulation of RhoGAP proteins.
